 4200) 
I. INTRODUCTION
Quantum chromodynamics (QCD) is nowadays widely accepted as the fundamental theory to describe hadrons and their interactions. Conventional hadrons are composed of either a valence quark q and an antiquarkq (mesons) or three valence quarks (baryons) on top of the sea ofpairs and gluons. One of the long standing challenges in hadron physics is to establish and classify genuine multiquark states other than conventional hadrons because multiquark states may contain more information about the low-energy QCD than that of conventional hadrons. In the past several years, a charged charmoniumlike Z [1] [2] [3] [4] [5] [6] [7] [8] [9] . Obviously, those charged charmoniumlike states go beyond conventional cc-meson picture and prefer to tetraquark systems ccud due to carrying one charge, which provides a good place for testing various phenomenological research methods of hadron physics. On the theoretical side, a large amount of work has been devoted to describe the internal structure of these charged states, which has been related to meson-meson molecules [11, 12] , diquark-antidiquark states [13] , hadrocharmonium or Born-Oppenheimer tetraquarks [14] , coupled channel cusps [15] , and kinematic effects [16] .
A systematic understanding of the internal structure of * crdeng@cqjtu.edu.cn † jlping@njnu.edu.cn, corresponding author ‡ hxhuang@njnu.edu.cn § fgwang@chenwang.nju.edu.cn these charged states may not only contribute to provide new insights to the strong interaction dynamics of multiquark systems and low-energy QCD but also provide important information on future experimental search for the missing higher orbital excitations in the Z + c family. This is the goal of the present work. In our approach, a phenomenological model, color flux-tube model with a multi-body confinement potential instead of a twobody one in traditional quark model, is employed to explore the properties of excited charged tetraquark states ccud systematically. The model has been successfully applied to the ground states of charged tetraquark states
, s) in our previous work [17] .
This work is organized as follows: the color flux-tube model and the model parameters are given in Sec. II. The numerical results and discussions of the charged tetraquark states are presented in Sec. III. A brief summary is given in the last section.
II. COLOR FLUX-TUBE MODEL AND PARAMETERS
The details of the color flux-tube model basing on traditional quark models and lattice QCD picture can be found in our previous work [18] , the prominent characteristics of the model are just presented here. The model Hamiltonian for the state [cu] [cd] is given as follows,
T c is the center-of-mass kinetic energy of the state, p i and m i are the momentum and mass of the i-th quark (antiquark), respectively. The codes of the quarks (antiquarks) c and u (c andd) are assumed to be 1 and 2 (3 and 4), respectively, their positions are denoted as r 1 and r 2 (r 3 and r 4 ). The quadratic confinement potential, which is believed to be flavor independent, of the tetraquark state with a diquark-antidiquark structure has the following form,
The positions y 12 and y 34 are the junctions of two Yshaped color flux-tube structures. The parameter K is the stiffness of a three-dimension flux-tube, κ d K is other compound color flux-tube stiffness. The relative stiffness parameter κ d of the compound flux-tube is [19] 
where C d is the eigenvalue of the Casimir operator associated with the SU (3) color representation d at either end of the color flux-tube, such as C 3 = 4 3 , C 6 = 10 3 , and
The minimum of the confinement potential V C min can be obtained by taking the variation of V C with respect to y 12 and y 34 , and it can be expressed as
The canonical coordinates R i have the following forms,
The use of V C min can be understood here that the gluon field readjusts immediately to its minimal configuration. It is worth emphasizing that the confinement V C min is a multi-body interaction in a multiquark state rather than the sum of many pairwise confinement interactions, 
Where χ stands for π, K and η, Y (x) = e −x /x. The symbols F, λ and σ are the flavor SU (3), color SU (3) Gell-Mann and spin SU (2) Pauli matrices, respectively. θ P is the mixing angle between η 1 and η 8 to give the physical η meson. g 2 ch /4π is the chiral coupling constant. α s is the running strong coupling constant and takes the following form [20] ,
where µ ij is the reduced mass of two interacting particles q i (orq i ) and q j (orq j ). Λ 0 , α 0 and µ 0 are model parameters. The function δ(r ij ) in V G ij should be regularized [22] ,
where r 0 (µ ij ) =r 0 /µ ij ,r 0 is a model parameter. The diquark [cu] and antidiquark [cd] can be considered as compound objectsQ and Q with no internal orbital excitation, and the angular excitation L are assumed to occur only between Q andQ in the present work and the parity of the state [cu] [cd] is therefore simply related to L as P = (−1)
L . In this way, the state [cu] [cd] has lower energy than that of the states with additional internal orbital excitation in Q andQ. In order to facilitate numerical calculations, the spin-orbit interactions are approximately assumed to just take place between compound objectsQ and Q, which is consistence with the work [21] . The related interactions can be presented as follows
where 
The other adjustable parameters and their errors are determined by fitting the masses of the ground states of mesons using Minuit program, which are shown in Table  I . The mass spectrum of the ground states of mesons, which is listed in Tale II, can be obtained by solving the two-body Schrödinger equation
The mass error of mesons ∆E 2 introduced by the parameter uncertainty ∆x i can be calculated by the formula of error propagation,
where x i and ∆x i represent the i-th adjustable parameter and it's error, respectively, which are listed in Table I .
III. NUMERICAL RESULTS AND DISCUSSIONS
Within the framework of the diquark-antidiquark configuration, the wave function of the state [cu] [cd] can be written as a sum of the following direct products of color χ c , isospin η I , spin η s and spatial φ terms,
In which r, R and X are relative spatial coordinates, The other details of the construction of the wave function can be found in our previous work [17] . Subsequently, the converged numerical results can be obtained by solving the four-body Schrödinger equation
IMI JMJ = 0.
with the Rayleigh-Ritz variational principle.
The energies E 4 ± ∆E 4 of the charged states [cu] [cd] with n 2S+1 L J and J P under the assumptions of S = 0, ..., 2 and L = 0, ..., 3 are systematically calculated and presented in Table III . The mass error of the states ∆E 4 can be calculated just as ∆E 2 , they are around several MeV except for that of the state 1 1 S 0 . The spin-orbit interactions are extremely weak, less than 2 MeV, therefore the energies of excited states with the same L and S but different J are almost degenerate, see the energies of the excited states with 1 Table III , which is consistent with the conclusion of the work [24] . Other spin-related interactions are stronger and bring about a larger energy difference than spin-orbital interactions, especially for the ground states with 1 1 S 0 , 1 3 S 1 and 1 5 S 2 . The energy difference among excited states mainly comes from the kinetic energy and confinement potential, which are proportional to the relative orbital excitation L. However, the relative kinetic energy between two clusters [cu] and [cd] is inversely proportional to X 2 while confinement potential is proportional to X 2 so that they compete each other to reach an optimum balance.
The rms r 
E4 ± ∆E4 3782 ± 12 4097 ± 8 4274 ± 7 3858 ± 10 3950 ± 10 4075 ± 8 4097 ± 8 4153 ± 7 4235 ± 7 4273 ± 7 r 
E4 ± ∆E4 4387 ± 7 4001 ± 7 4096 ± 8 4152 ± 7 4212 ± 8 4235 ± 7 4273 ± 7 4354 ± 7 4387 ± 7 4150 ± 7 r 
E4 ± ∆E4 4234 ± 7 4272 ± 7 4332 ± 8 4353 ± 7 4386 ± 7 4274 ± 7 4353 ± 7 4387 ± 7 4387 ± 7 r 2 ) changes remarkably with the relative orbital excitation L between the two clusters and is irrelevant to the total spin of the system, see the sizes of 1 2 ) evidently augment with the increasing of the orbital angular momentum L in the excited states, see Table IV , which means that the picture of the diquark or antidiquark is more and more clear with the raising of the orbital angular momentum L. The spatial configuration of the excited states is still similar to a rugby ball, the higher orbital angular momentum L, the more prolate of the shape of the excited states. The multibody color flux-tube basing on lattice QCD picture, a collective degree of freedom, plays an important role in the formation of these charged tetraquark states, it should therefore be the dynamical mechanism of the tetraquark systems.
Next, let us turn to argue the properties of the charged states Z + c observed in experiments and their possible candidates in the color flux-tube model, which are presented in Table IV . It can be seen from the Table IV that + over other hypotheses [8] . Due to the heavy of the diquark and antidiquark, the energy of radial excitation between the diquark and antidiquark is too small to make the tetraquark state [cu] [cd] reach the energy above 4400 MeV. The internal excited states of the diquark and/or antidiquark are needed to account for the heavy charged states, which is left for future. The alternative configuration for the two states may be mesonmeson molecular states, which is suggested by several theoretical methods [12] .
From the above analysis and Table III , we can see that the most of the low energy theoretical states can be matched with the experimental ones. One of the exception is the state with 0 + and 1 1 S 0 , which has a mass of 3780 ± 10 MeV. The experimental search of the η c -like charged state will give a crucial test of the present approach. Our calculation also suggests that there are two negative parity states around 4100 MeV. More information on the the states around this energy is expected.
The model assignments of the Z + c states are completed just in term of the proximity to the experimental masses, the more stringent check of the assignment is to study the decay properties of the states. These charged states should eventually decay into several color singlet mesons due to their high energy. In the course of the decay, the color flux-tube structure should break down first which leads to the collapses of the three-dimension spatial configuration, and then through the recombination of the color flux tubes the particles of decay products formed. The decay widths of the charged states [cu] [cd] are determined by the transition probability of the breakdown and recombination of color flux tubes. The calculations are in progress. This decay mechanism is similar to compound nucleus decay and therefore should induce a resonance, which we called it as "color confined, multiquark resonance" state before [28] . + and 1 1 S 0 has a mass of 3780±10 MeV in the color flux-tube model. The model predictions would shed light on looking for possible charmoniumlike charged states in the future at the BESIII, LHCb and Belle-II. They favor three-dimensional spatial structures which is similar to a rugby ball,the higher orbital angular momentum L, the more prolate of the shape of the states. Those charged charmoniumlike states may be so-called "color confined, multiquark resonance". However, the two heavier charged states Z The multibody color flux-tube is a collective degree of freedom, which acts as a dynamical mechanism and plays an important role in the formation and decay of those compact states. Just as colorful organic world because of chemical bonds, multiquark hadron world should be various due to the diversity of color flux-tube strucure. The well-defined the charged state Z + c (3900) and dibaryon d * resonance have been opening the gate of abundant multiquark hadronic world.
